Introduction
In the field of climatology the investigation of the temperature-increasing effect of cities (the so-called urban heat island -UHI) is one of the most intensively studied environmental modifications caused by urbanisation. The simulation of real factors and physical processes generating this phenomenon is extremely difficult because of the very complicated urban terrain (as regards surface geometry and
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1 materials) and demands complex and expensive instrumentation, as well as sophisticated numerical and physical models. Despite these difficulties, several models have been developed for studying small-scale climatic variations within the city, including those based on energy balance (Johnson et al., 1991; Myrup et al., 1993) , radiation , heat storage and water balance approaches.
One of the less studied aspects of the UHI is its peak development during the diurnal cycle. Utilisation of statistical models may provide useful quantitative information about the structure of the maximum UHI intensity by employing urban and meteorological parameters (Nkemdirim, 1978; Park, 1986; Kuttler et al., 1996) .
The main purpose of this study is to investigate the effects and interactions inside the city on the surface air temperature under all weather conditions except rain at the time just a few hours after sunset when the UHI effect is most pronounced.
The first aim of the investigation was to construct horizontal isotherm maps to show the average spatial distribution of maximum UHI intensity in the studied period, as a whole and seasonally (spring and summer). The second aim was to determine quantitative influences of anthropogenic and natural factors on the urban-rural temperature differences in the whole period.
Study area and methods
Szeged is located in the south-eastern part of Hungary on the Great Hungarian Plain (46°N, 20°E) at 79 m above sea level (Figure 1 ). The city and its environs are situated on a wide flood plain. The Tisza River passes through the city but there are no large water bodies nearby. This environmental situation makes Szeged a good case for the study of a relatively undisturbed urban climate. The area belongs to the climatic region Cf using the Köppen's classification, which means a temperate warm climate with a rather uniform annual distribution of precipitation. The regional climate of Szeged has, however, a certain Mediterranean influence seen mainly in the annual variation of precipitation: in every 10 years approximately 3 years show Mediterranean characteristics (Unger, 1999) .
[ Figure 1 near here]
The city's population of 160 100 (1998) lives within an administration district of 281 km 2 (Firbás, 1999) . The city itself is structured on a boulevard-avenue road system, and a number of different landuse types are present including a densely built centre with medium-wide streets and large housing estates of tall apartment buildings set in wide green spaces. Szeged also contains zones used for
Unger et al. Because the urban and suburban areas occupy only about 25-30 km 2 , our investigation focused on the inner part of the administration district (Figure 2 ). This study area was divided into two sectors and subdivided further into 0.5 km × 0.5 km square grids (Figure 3 ). This same grid size was employed in a human bioclimatological analysis of Freiburg, Germany, a city of similar size to Szeged (Jendritzky & Nübler, 1981 [ Figure 3 near here]
The examination of the maximum UHI intensity was based on mobile and stationary observations during the period of March-August 1999. Although these measurements are continuous, the results of the study focus on this six-month period. In order to collect data on surface air temperature at every grid cell, mobile measurements were performed on fixed return routes once a week during the studied period (25 times in total) to accomplish an analysis of air temperature over the entire area. This oneweek frequency of car traverses secured sufficient information on different weather conditions, except during rain.
The division of the study area into two sectors was necessary because of the large number of grid After averaging the measurement values by grid cells, time adjustments to the reference time were applied assuming linear air temperature change with time. This linear change was monitored using the continuous records of the automatic weather station at the University of Szeged. The linear adjustment appears to be correct for data collected a few hours after sunset in urban areas, but only approximately correct for suburban and rural areas because of the different time variations of cooling rates (Oke & Maxwell, 1975) . The reference time, namely the likely time of the occurrence of the strongest UHI, was 4 hours after sunset, a value based on earlier measurements in 1998 and 1999 (Boruzs & Nagy, 1999) . Consequently, every grid cell of 59 in the northern sector or every grid cell of 60 in the southern sector can be characterised by one temperature value for every measuring night. The temperature values refer to the centre of each cell.
We determined urban−rural air temperature differences (UHI intensity) of cells by reference to the temperature of the grid cell where the synoptic weather station of the Hungarian Meteorological Service is located. This grid cell (labelled R) containing this station was regarded as rural (Figure 3 ), because the records of this station were used as rural data in earlier studies on urban climate of Szeged (e.g. Unger, 1996 Unger, , 1999 . The 107 points (grid cell centre points) covering the urban parts of Szeged secured an appropriate basis to interpolate isolines, which can therefore show detailed descriptions of thermal field within the city at the time of the strongest effects of urban factors.
In order to assess the extent of the relationships between the maximum UHI intensity and other various factors, multiple correlation and regression analyses were used. The selection of the parameters was based on their role in determining small-scale climate variations (Adebayo, 1987) and on the limitations of data available to the present study.
Meteorological parameters were the average wind speed and air temperature in the mobile measuring periods recorded by the weather station at the University. This means that these two parameters are not variables but constants for a night. However, their average values vary night after night. They are variables temporally but constants spatially. The percentage of built-up area and water surface by grid cells, and distance to the city centre (grid cell labelled C) were the urban parameters. This distance can be considered as an indicator of the location of a cell within the city. This means that these three parameters are constants but not variables for the complete (six-month) measurement period.
However, their values vary from place to place by grids. In section 4, when describing the search for
statistical relationships, we will take into account the fact that our parameters are both variables and constants.
The parameters of land-use for the grid cells were determined by GIS methods combined with remote sensing analysis of SPOT XS images (Mucsi, 1996) . Vector and raster-based GIS database were compiled in the Applied Geoinformatics Laboratory (University of Szeged). The digital satellite image was rectified to the UNMS using 1:10 000 scale maps. The nearest-neighbour method of resampling was employed, resulting in a root mean square value of less than 1 pixel. where ir is the pixel value in the infrared band and r is the pixel value in the red band. The NDVI values range from −1 to +1 indicating the effect of green space in the given spatial unit (Lillesand & Kiefer, 1987) . Built-up, water, vegetated and other surfaces were distinguished according to the NDVI value. The spatial distribution of these land-use categories inside each grid element was calculated using cross-tabulation.
The ratio of the built-up area to the total area of the grid cells in 25% increments is displayed in Figure   4 . For example, the location of the Tisza River (low built-up ratio) is clearly recognised with its eastto-south curve in the south-eastern part of the study area (see also Figure 2 ).
[ Figure 4 near here]
Spatial distribution
It can be seen in Figures 4, 5 and 6 that the built-up density is a significant influence on the spatial patterns of the mean maximum UHI intensity (at 4 hours after sunset). The common features of these patterns are that the isotherms show almost regular concentric shapes with values increasing from the suburbs towards the inner urban areas. A deviation from this concentric shape occurs in the northeastern part of the city, where the isotherm of 2 °C stretches towards the outskirts. This can be explained by the influence of the large housing estates with tall concrete buildings located mainly in the north-eastern part of the city with a built-up ratio higher than 75%.
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As was expected, for the six-month period ( Figure 4 ) the highest differences (more than 2.75 °C) are concentrated mainly in the densely built-up city centre (>75%) covered by about 5.5 grid cells (1.3-1.5 km 2 ). The strongest intensity (3.01 C) occurs along the southern edge of the central grid cell (C).
A mean maximum UHI intensity of higher than 2 °C indicates significant thermal modification and, in this period in Szeged, the extension of the area characterised by this temperature differential is relatively large compared to the size of the study area. It covers about 36 grid cells (9 km 2 ), which is about 34% of the total area.
In spring ( Figure 5 ) the spreading out of the 2.75 °C and 2.5 °C isolines to the north-west of the centre, and the 2 °C and 1.5 °C isolines to the south-west, is also caused by the high built-up ratio of more than 75%. The highest differences (more than 2.75 °C) are concentrated in the densely built-up city centre (>75%) covered by about 7.5 grid cells (1.8-2.0 km 2 ). The greatest intensity (3.30 °C) is to the north-west of the central grid cell (C) in an adjacent cell. The mean maximum UHI intensity of more than 2 °C covers about 44 grid cells (11 km 2 ), which is about 41% of the investigated area.
In summer ( Figure 6 ) the high built-up ratio of more than 75% also caused the stretching out of the 2.25 °C and 2 °C isolines to the north-west, and the 2 °C and 1.5 °C isolines to the south-west. The highest differences (more than 2.75 °C) are concentrated in the city centre (>75%) covered by about five grid cells (1.1-1.3 km 2 ). The strongest intensity (3.08 °C) occurs along the southern edge of the central grid cell (C). The mean maximum UHI intensity of more than 2 °C covers about 33.5 cells (8.5 km 2 ), which is about 31% of the total area.
Model equations
In this part of the study only the six-month period will be investigated, because there are no significant seasonal differences in the spatial distribution and in the magnitude of the maximum UHI intensity (see previous section).
For the determination of the model equations for the maximum UHI intensity (∆T), the parameters and their labels are as follows:
• distance from the central grid cell in km (D),
• ratio of built-up surface as a percentage (B),
• ratio of water surface as a percentage (W),
• mean air temperature in °C (T),
• mean wind speed in m s −1 (U).
As we mentioned earlier, these parameters are at once variables and constants. So it is reasonable to divide them into two groups (D, B, W versus T, U) and determine their statistical connections with ∆T by groups.
In the case of the first (urban) group, the parameters are constants temporally but variables spatially (by grid cells). The bivariate analysis will be accurate if the total period averages of ∆T for each cell are correlated against each of the cell values of D, B and W (the number of pairs n = 107). Thus the time averages of the maximum UHI intensities vary by grid cells so the label of ∆T grid is appropriate. Table 1 contains the results of the bivariate correlation analyses on ∆T grid against the urban parameters considered in this study. As the table shows, among the examined parameters D has the largest correlation coefficient (r ∆Tgrid,D ) and the first two coefficients (D, B) are significant at 0.1%. The ratio of water surface seems not to be important (r ∆Tgrid,W = 0.066) so it does not have to be used in the multiple regression equations. The explanation of this statistically insignificant role in the development of the heat island in Szeged is that water surfaces occur in only 39 of the 107 grid cells.
[ Table 1 near here]
The sequence of the parameters, entered in the multiple stepwise regression, was determined with the help of the magnitude of the bivariate correlation coefficients. Table 2 shows the results of this stepwise regression on ∆T grid against the urban parameters. The distance from the city centre is most pronounced, but the role of the built-up density is also important because the improvements in the explanation, namely the differences as a percentage in the correlation coefficients of 5.2% by including B, cannot be neglected. The relatively small value can be explained by the fact that D and B are not entirely independent from each other.
[ Table 2 near here] Table 3 contains the model equations that best describe ∆T grid for the six-month period. The absolute values of the multiple correlation coefficients (r) between maximum UHI intensity and the parameters are 0.871 and 0.900 (they are significant at 0.1% level) (Tables 2 and 3 ). The corresponding squares of these multiple correlation coefficients (r 2 ) as a percentage provide explanations of 75.8% and 81.0%
of the variance, respectively.
[ Table 3 near here]
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In the case of the second (meteorological) group the parameters are constants spatially but variables temporally (by measuring nights). For these parameters (T and U), the relationship with ∆T can only be based on nightly averages (n = 25). Thus the areal averages of the maximum UHI intensities vary by nights and the label of ∆T night is appropriate. Table 4 contains the results of the bivariate correlation analyses of ∆T night against the meteorological parameters. As the table shows, they are not significant even at the level of 5% so there is no possibility of constructing model equations with the help of T and U. This does not correspond entirely with the experience of other investigations, mainly in the case of wind speed (e.g. Kuttler et al., 1996) .
The failure of the utilisation of T and U to determine model equations for ∆T night might be explained by the small number of measuring events. This situation will be improved as the database widens with the help of further mobile measurements.
Conclusions
The results indicate that:
• the isotherms of the maximum UHI intensity increase in regular concentric shapes from the outskirts to the central urban areas, with no significant difference in the seasonal (spring and summer) patterns; and • statistical modelling of ∆T, based on urban factors, is an appropriate process. As we can see from the correlation coefficients of parameters, close proximity to the city centre and a high built-up ratio play important roles in the increment of the urban temperature. On the other hand, the utilisation of meteorological factors for modelling of ∆T was not suitable because of the short period of investigation.
Consequently, our preliminary results show that the statistical approach to determining the behaviour of the UHI intensity in Szeged is promising and this fact has encouraged us to make more detailed investigations. We therefore plan to extend this project by modelling urban thermal patterns as they are affected by weather conditions with a time lag. We intend to employ the same parameters used in this study, as well as additional urban and meteorological parameters, to predict the magnitude and spatial distribution of the maximum UHI intensity on days characterised by any kind of weather conditions (apart from precipitation) at any time of the year without recourse to extra mobile measurements. These tasks require longer-term data sets, so we intend to gather data for a period of more than one year.
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The results will be of practical use in predicting the pattern of energy consumption inside the city.
They can be used to forecast and plan for energy demand, particularly in the cold and warm periods of the year when energy consumption for heating and cooling, respectively, is highest. 
